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ABSTRACT 

We use a sample of the 13 most luminous WMAP Galactic free-free sources, responsible for 33% of the free- 
free emission of the Milky Way, to investigate star formation. The sample contains 40 star forming complexes; 
we combine this sample with giant molecular cloud (GMC) catalogs in the literature, to identify the host 
GMCs of 32 of the complexes. We estimate the star formation efficiency £gmc and star formation rate per 
free-fall time eg. We find that egmc ranges from 0.002 to 0.2, with an ionizing luminosity-weighted average 
(eGMc)e = 0.08, compared to the Galactic average w 0.005. Turning to the star formation rate per free-fall 
time, we find values that range up to ett = Ttt ■ M* /Mcmc ~ 1- Weighting by ionizing luminosity, we find an 
average of (eff)g = 0.16-0.24 depending on the estimate of the age of the system. Once again, this is much 
larger than the Galaxy-wide average value eff = 0.008. We show that the lifetimes of giant molecular clouds 
at the mean mass found in our sample is 17 ±4Myr, about two free-fall times. The GMCs hosting the most 
luminous clusters are being disrupted by those clusters. Accordingly, we interpret the range in eft as the result 
of a time- variable star formation rate; the rate of star formation increases with the age of the host molecular 
cloud, until the stars disrupt the cloud. These results are inconsistent with the notion that the star formation rate 
in Milky Way GMCs is determined by the properties of supersonic turbulence. 

Subject headings: galaxies: star clusters — ISM: clouds — ISM: bubbles — stars: formation 



1. INTRODUCTION 

Giant molecular clouds (GMCs) are stellar nurseries — most 
stars in most galaxies are born in GMCs. However, the frac- 
tion of a GMCs gas that ends up in stars before the cloud is 
disrupted is rather small, with typical estimates in the Milky 
Way ~ 2%. A related question regards the rate at which stars 
form in GMCs. Global measurements in both the Milky Way 
and external galaxies establish that ~ 2% of the molecular 
gas is turned into star over the galactic dynamical time R/v c , 
where R is the expone ntial scale length of the disk and v c 
is the circular velocity (lKennicutt| [l998). Because gas disks 
are in hydrostatic equilibrium, the galactic dynamical time is 
also the disk dynamical time H/v T , where H is the disk scale 
height and vj is the turbulent velocity of gas in the disk. Fi- 
nally, the largest GMCs have diameters that are of order the 
molecular gas disk scale height, so GMC dynamical times are 
again of the same order. This implies that only a few percent 
of the mass of a GMC is turned into stars in the GMC free-fall 
time. 

The lifetimes of GMCs have been a matter of considerable 
and intense debate, with estimates ranging from a single dy- 
namical or free-fall time (Elmegreen 2000; Hartma nn et al.l 
120011). to a few dElmegreen 2007), up to ten or more 
(IScoville&Hershl [l979: Scoville &Wilsonll200l . although 
it is important to note that the last authors were careful to dis- 
tinguish between the lifetime of a typical Hi molecule (which 
is likely in excess of ten GMC free-fall times) and that of the 
GMC of which it is a part. 

If GMCs live longer than one or two dynamical times, the 
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question arises as to what supports them. Individual GMCs 
are observed to have large scale motions of sufficiently high 
magnitude to support them against their own gravity. How- 
ever, it is likely that such motions, often referred to as turbu- 
lence, decay on a dynamical time. Hence long lived clouds 
require some energy source if their turbulence is to be main- 
tained. Another possible way to prevent GMC collapse is 
to appeal to dynamically significant or dominant magnetic 
fields; such fields (or weaker fields) could be the carriers of 
MHD turbulence, possibly from sources outside the cloud, 
which would obviate the need to maintain the turbulence from 
inside the cloud. 

However, it is also possible that GMCs only live for one or 
two free-fall times, in which case neither magnetic fields nor 
turbulence are needed to support them; they could be in fre e 
fall, as suggested originally by Goldreich & Kwanl (11974b . 
These authors pointed out that the similarity between the op- 
tically thick CO emission lines and optically thin emission 
lines from other molecular species in the same clouds could 
be understood if the clouds had bulk motions with velocities 
in excess of the thermal linewidths. They argued that there 
was no clear way to support GMCs, so global collapse was to 
be expected, leading to the large scale bulk motions needed to 
explain the observed similarity in line profiles. 



This suggestion was disputed by Zuckerm an & Evansl 
(119741) . They give three arguments against free-fall collapse 
of GMCs. First, they argue that the resulting star formation 
rate would be too large. They arrive at this conclusion by as- 
suming that upon collapse, all the gas in a GMC would be con- 
verted into stars. This ignores any feedba ck from the stars on 
the ev ol ution of the cloud. As sho wn by iMurrav & Ra hman 
(120101) . iRahman & Murray! (120101) . and this paper, there is 
solid evidence that stellar feedback disrupts the host GMC 
when a fraction ecivic ~ 0.08 of the GMC mass is converted 



into stars. This eviscerates t he star formation rate argument of 
IZuckerman & Evansl d 19741) . a point also made bv lElmegreenl 
(120071) . 

The second argument of Zukerman and Evans is that the 
line profiles of molecules such as H2CO, which is seen in 
absorption towards HII regions, should show relative veloc- 
ity shifts compared to the CO emission lines; the H2CO ab- 
sorption will be blue shifted if the HII regions are near the 
centers of the host GMC and the cloud is expanding, since 
the portion of the cloud between Earth and the HII region 
is moving towards the observer, while the absorption will be 
red shifted if the cloud is collapsing. This argument makes 
the assumption that the absorption lines are formed by gas in 
the outer regions of the GMC, between the observer and the 
HII regions, which provide the background continuum against 
which the H7CO lin es are seen. The observations described in 
iRahman & Murray! ((2010) establish the presence of outward 
velocities (in the expanding bubble walls) somewhat in excess 
of the turbulent velocities measured by CO observations of 
the GMCs we examine. Despite this, neither double peaked 
CO emission lines, nor redshifted (relative to the CO lines) 
absorption lines have been reported towards these star form- 
ing complexes. High resolution molecular line observations 
toward individual bright PAH emission regions might reveal 
both red and blue shifted CO emission, and associated molec- 
ular absorption lines. 



The third argument of Zuckerma n & Evansl i 19741) against 
global infall of GMCs is that there appear to be many infall 
centers in a given GMC. However, there is no reason to be- 
lieve that there will be a single infall center in a cloud that is 
undergoing global collapse: given the clumpy nature of the 
turbulent ISM, any large clump will act as a local center for 
collapse of gas in its immediate vicinity. 

In this paper we estimate the star formation efficiency, and 
efficiency per free-fall time, of Milky Way GMCs selected by 
their free-free luminosity. We show that both efficiencies vary 
widely, the latter by nearly three decades. Both have large 
upper limits of order ~ 0.3 and ~ 0.6 respectively. We also 
estimate the lifetimes of massive GMCs, finding that they live 
about one or two free-fall times, consistent with the picture 
of iGoldreich & Kwanl (119741) . In ^2] we give our definition of 
the two efficiencies £gmc and eg. In ^3] we describe how we 
select our star forming complexes, and how we identify their 
host GMCs. We estimate the lifetimes of the host GMCs in 
^4] We outline the implications of our results and discuss its 
relation to previous work in $5j in particular we compare our 
results with the pred ictions of turbulent star formation theo- 
ries in section J35.2I We present our conclusions in the final 
section. 



2. THE STAR FORMATION EFFICIENCY AND RATE PER FREE 
FALL TIME OF MILKY WAY GIANT MOLECULAR CLOUDS 

In this section we define and compute two types of star for- 
mation efficiency. The first is the efficiency eavic of star for- 
mation in GMCs. This is nominally the fraction of a GMC 
that is converted into stars over the lifetime of a GMC. In 
fact what we actually measure in this paper is the fraction of a 
GMCs mass that currently resides in that GMC in the form of 
ionizing star clusters. This is because we find stars (and their 
parent GMCs) by using WMAP to look for free-free radiation, 
which is powered almost exclusively by massive stars. 



2.1. Star formation efficiency in a GMC 

Star clusters emit ionizing radiation for a rather short time: 
the ionization-weighted (or Q-weighted) stellar lifetime is 
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The quantity dN/dlnm is the stellar initial mass function 
(IMF), which we take to be either that of lMuench et all (12002b 
modified to have a high mass slope of —1.35 rather than their 
-1.21, or the IMF of lChabrieri d2005h . With our modifica- 
tion to the Muench et al. slope, the two IMFs are almost 
identical. The quantity (q) is the number of ionizing photons 
emitted per second per star, averaged over the IMF. We find 
(f ms )«3.9Myr. 

It is worth noting that if a star cluster forms in a time much 
less than (f ms ), then that cluster is effectively undetectable via 
its ionizing radiation after 3.9Myr. This is so because the 
ionizing flux of such a cluster is roughly constant (for slightly 
less than (r ms )), and then plunges rapidly as the most massive 
stars in the cluster evolve off the main sequence. In a free- 
free selected population of such rapidly formed clusters, the 
average age will be (f ms )/2 « 2Myr. 

The mass of 'live' stars, i.e., the mass in the clusters (of age 
less than (r ms )) containing the ionizing stars, is given by 
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and the IMF averaged stellar mass (m* ) is defined in a manner 
similar to (q) in equation (fJJ. 

Since we can measure the mass M* in live stars, we define 
the efficiency of star formation as 
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As just noted, this stellar mass estimate M* refers only to 
stars younger than ~ 3.9 Myr. If a star cluster takes longer 
than (r ms ) to form, then the stellar mass associated with that 
cluster will be larger than that given by equation (O. Most 
GMCs have probably given birth to stars older than (r ms ), so 
M* as defined here is a lower limit on the total mass of stars 
formed in any particular GMC. 

2.2. Star formation efficiency per free-fall time 

The second efficiency we calculate is called the star for- 
mation efficiency per free-fall time, eft. For star formation in 
objects (such as GMCs) of class X, this is defined as 
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where T//_x is the free-fall time of objects of class X, M x is 
the total gas mass in objects of class X, and M*x is the star 



formation rate in such objects dKrumholz & Tanl 120071) . We 
restrict our attention in this paper to GMCs. 

We start by computing the Galaxy-averaged value of eg. 
The total molecular gas mass in the Milky Way is M tot w 
1O 9 M , e.g., iDamd dl993l) . The total ionizing luminosity 
of the Milky Way is 3.2 x 10 53 s _1 , eg., iMurrav & Rahmanl 
(2010) and references therein. 

The star formation rate is given by dSmith et al.ll 19781) 
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Using equation <j4j> and Q = 3.2 x 10 53 s ', Murray & Rahman 
(l20Toh found M* = 1 3M Q yr" 1 . 

As noted above, essentially all stars form in GMCs, and 
essentially all the molecular gas is in GMCs, so we use 
M x = M g = 10 9 M Q . The free fall time for a GMC varies with 
the GMC mass, but for now we use the value assumed by 
iKrumholz & Tanl d2007l) . r ff = 4.4Myr. The Galaxy wide av- 
erage star formation efficiency per free fall time is then 
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This value for eg is roughly a factor of three smaller than that 
found bv lKrumholz & Tanl(l2007h . They use d M* = 3 Mp, yr" 1 
asserting that this was the value found by McKee & Williams 
d 19971) (altho ugh the latter authors ac tually found M* = 
4.OM yr" 1 ). iMcKee & WiTUamsl (fl997l ) used an IMF with 
a large mass to light ratio, that of IScalol d!986l) . which is no 
longer believed to be a good representation of the actual IMF 
in the Milky Way. 

3. STAR FORMING GIANT MOLECULAR CLOUDS 

In this section we measure the the efficiency, comc, of star 
formation in individual Milky Way GMCs, and the efficiency 
of star formation per free fall time, es. We select the most 
rapidly star forming GMCs in the Galaxy: the thirty two 
GMCs we select are responsible for 3 1 % of the star forma- 
tion in the Galaxy. 

We start with th e WMAP free-free t herma l radio fluxes of 
sources found by IMurrav & Rahmanl d2010| ). Examination 
of Spitzer and MSX images in the direction of the WMAP 
sources reveals one to several 'star forming c omplexes' in the 
direct ion of each of the WMAP sources (Rahma n & Murravl 
120101) . A star forming region is identified on the basis of the 
morphology in the 8/im Spitzer and MSX images, combined 
with measurements of radio recombination line (or molecular 
line) radial velocities taken from the literature. The result is 
a list of 40 star forming complexes with Galactic coordinates 
and radial velocities, (l,b,v r ). These complexes have charac- 
teristic sizes of ~ 25 pc, ranging between 2pc and 70 pc (see 
table 1). 

Once all the star forming complexes are identified, we di- 
vide the free-free flux in each WMAP source between the star 
forming complexes contained in that source. In two cases, 
G283 and G327, there is only a single star forming region in 
the WMAP source. We assign the entire free-free flux of the 
WMAP source to that star forming region; in both cases the 
size of the star forming region (determined by the extent of 
the region outlined by the radio recombination line velocity 



measurements) is similar to that of the WMAP source, sup- 
porting the view that only that source is responsible for the 
free-free emission seen by WMAP in that direction. 

In four of the WMAP sources there are exactly two star 
forming complexes; we split the flux between the star form- 
ing complexes based on the radio recombination line fluxes 
associated with each source. Such a division is a rather crude 
approximation; ground based radio continuum fluxes toward 
each of these complexes are systematically lower than the 
continuum fluxes measured by WMAP, but the flux ratios vary 
unpredictably from object to object. In its favor, this recombi- 
nation line ratio split was consistent with the relative amount 
of 8/im flux associated with the star forming complexes (ac- 
counting for the fact that the tot al 8/nm flux appears to scal e as 
the square of the free-free flux, Rahman & Murray (2010)). 

Rah man & Murravl (20 10) identified four star forming com- 
plexes in G10, three in G34 and G31 1, and five in G337. In all 
these cases the star forming complexes are well separated in 
(l,b,v r ) space, as was the 8 /mi emission in (l,b). The division 
of the free-free emission amongst the sources was made in the 
same manner as for the previous cases. 

The two WMAP sources G24 and G30 are very confused, 
with eight and six star forming complexes, respectively. We 
again used the recombination line ratios to assign the free- 
free flux to each source, but we have less faith in the results; 
to indicate this, we plot these points using open polygons, as 
opposed to the filled polygons plotted for the less confused 
WMAP sources. 

Having assigned fluxes to each star forming region, we then 
use the kinematic distance D to that region to calculate the 
free-free luminosity L v = 4-TiD 2 f l , emitted by that region, and 
the rate Q = 1.33 X 10 26 L^s _1 (IMurrav & Rahmanl |2010b of 
ionizing photons emitted by each source per second required 
to power the obser ved free-free luminosity. In cases where the 
distances listed in Rahma n~& Murravl d20 10) and the relevant 
GMC catalog do not agree, we use the distance of the former. 
In the case of Rahman & Murray sources 5, 7, 9, 12, 15, and 
35, where those authors do not resolve the distance ambiguity, 
we use the distance that is closer to that of the relevant GMC 
catalog distance. 



Following Mc Kee & Williams] d 19971) we then increase the 
rate of ionizing photons by a factor 1 .37 to account for the fact 
that some of those photons are absorbed by dust, and hence do 
not contribute to the free-free emission detected by WMAP. 

The live stellar mass was then calculated using eqn. (01; a 
given GMC almost certainly has given birth to stars older than 
(tms), so Af* as defined here is a lower limit on the total mass 
of stars formed in the GMCs we examine. 



The next step in the calculation of eovic and eg is to iden- 
tify the host GMCs o f our star forming complexes. We search 
the GMC catalo gs of|Solomon etldl (H987); Grabelsk yet al.l 
( 1988); iBronfman et al.1 (11989b . and JHever e t al. (200J) for 
objects having centers at the same Galactic longitude within 
±0.4 degrees, Galactic latitude within ±0.4 degrees (~ 50pc 
at D = lOkpc, comparable to the radius of a typical cloud), 
and the same heliocentric radial velocity within ±20 km s~ . 

We find matches for 32 out of our 40 star forming com- 
plexes (SFCs); results are giv en in table 2. A num- 
ber of GMCs are listed in both ISolomon etai] d 19871) and 
iHever et al. (2009), in which case we use the values in the lat- 



ter. We corrected the GMC radii to account for the difference 
between our assumed value for the distance to the Galactic 
center /?o = 8.5 kpc and that used in the GMC surveys. We 
have followed Williams & McKee (119971) (their table 1) in 
correcting the masses of the GMCs in the first three surveys. 
Heyer et al. use the same distance to the Galactic center we do 
(8.5 kpc); we use Mgmc = 2 x Mlte, as those authors recom- 
mend (corresponding to Xqo = 1.9 x 10 20 cm~ 2 (A'km s -1 )" 1 ). 

The average star-forming GMC mass in our ionizing 
luminosity-selected sample is 1.5 x 10 6 M©. The ionizing 
luminosity-weighted GMC mass is 2.3 x 10 6 M Q . The aver- 
age and Q-weighted GMC radii are 58 pc and 76pc respec- 
tively. Similarly, the average and Q-weighted free-fall times 
are 8 Myr and 9 Myr. 

These averages include the confused GMCs associated 
with SF Cs 5 to 18. These G MCs have been i nvest igated 
by both ISolomon et ail dl987l) and iHever et al.1 d2009l) : the 
masses of these GMCs differ bet ween the two stud ies (as 
noted above, we use the results of Hey er et al.l ([2009) where 
possible). While the average properties of the confused 
sources (and their host GMCs) are similar to those of the un- 
confused sources, the measured properties of individual con- 
fused sources may be unreliable. For example, source 10 has 
M* = 2.3 x 10 4 M Q and M G mc = 1-6 x 10 4 M q . As indicated 
in table 2, the force of radiation exceeds that of self-gravity 
by more than one hundred; since the bubble is not expanding 
particularly rapidly, this extreme force ratio seems unlikely. 
We treat this star forming region as an outlier, since we be- 
lieve that is probably miss-identified, and do not include it 
our statistics. 

If we confine our attention to un-confused GMCs, the aver- 
age and Q-weighted radii are 91 pc and 1 16pc. Similarly, the 
average and Q weighted free-fall times for the un-confused 
GMCs are 1 1 Myr and 13 Myr. 

Having found the mass of the host GMCs, we can estimate 
the star formation efficiency. The results are plotted in Fig- 
ure Q] 

The sample average (eoMc) = 0.09 for our 32 star forming 
complexes. We stress again that egmc as defined here is a 
lower limit to the total star formation efficiency of the host 
GMC. Any stars in clusters older than (r ms ) will not be de- 
tected by WMAP and hence are not included in our estimate 
ofM». 

This average is a bit higher than that usually quoted (typ- 
ical estimates are more like 0.02), but we have selected the 
most active star forming complexes in the Galaxy, rather than 
a Galaxy wide average. 

The Q-weighted efficiency is defined as (ecMc)e — 
EiQteGj/®iQd; we find (e GM c) G = 0.08. 

3.1. The star formation rate per free-fall time 

Since we know both the mass and radius of the host GMC, 
we can calculate the GMC free fall time rg = y/3iv/(32Gp), 
where p = 3Mgmc/(47t,Rq MC ). We can then find the star for- 
mation efficiency per free fall time. However, we cannot use 
equation ([8]) directly, since the star formation in GMCs is not 
steady state: it is possible, or even likely, that most of the star 
formation takes place on a time scale shorter than (? ms ). 
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FIG. 1. — The ratio eoMC — M*/(Momc +M,) of the mass of young 
(t < (T ms ) ) stars in star-forming Milky Way GMCs of mass A/qmc ■ Filled tri- 
angles are for GMCs in Solomon et al. 1 1987), open triangles (most of which 
correspond to objects in the confused SFCs G24 and G30) are for GMCs in 
Heyer et al. (2009), filled squares are for GMCs in Grabelskv et al. 1 1988), 
and filled pentagons are for GMCs in Bronfman et al. ( 1989). The stellar 
masses are found from WMAP free-free fluxes as described in the text. We 
find (eoMc) = 0.09, while the Q-weighted average is (eGMc)o = 0.08. 



Instead, we combine equations d7) and dS): 
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(9) 



Note that r ff = 1.65 x 10 4 R% 2 /M^yr. 

The results using this estimate are given in Figure|2j which 
shows that eg ranges from w 10~ 3 to 1.2 (the latter indicating 
that the entire host GMC mass would be converted into stars, 
in the absence of feedback effects, in slightly less than a free 
fall time), with a mean (eg) = 0.16. 

The Q-weighted efficiency per free-fall time is 

(£f f )e = 0.l5 (10) 

similar to the sample average value. 

Once again, these are lower limits for eg, since not all the 
ionizing clusters are 3. 9 Myr old. An arguably more realistic 
but still simple estimate is to take a mean cluster age of tq/2 
(this assumes that the clusters form in a time short compared 
to 3.9 Myr) leading to an estimate of (es) = 0.3. 

A third estimate uses the smaller of the dynamical time 
Tdyn = R/v and tq. We argue that our dynamical times are 
likely to be overestimates, since the radial velocity spread is a 
lower limit to the true bubble expansion velocity. We use the 
smaller of (r m8 ) and the dynamical time 
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Using this estimate we find 

(e s ) Q = 0.24, 
for a Q- weighted average. 
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FIG. 2. — The star formation rate per free fall time, eg = 
[M,/(M G mc+M*)] (r ff /(r ms )) = eGMc(Tff/(T"ms» of free-free selected 
GMCs of mass Mqmc- Symbols as in Figure 1. The sample average 
(eff) = 0.16 while the 2 _we ighted (tff)g = 0.15. The solid horizontal line 
shows the Milky Way average value of eff = 0.008, while the two dashed lines 
show the range around eff sa 0.02 discussed by Krumholz & McKee (2005) 
and Krumholz & Tan (2007). Most of the star formation in the Milky Way 
occurs in very rapid bursts, in which ~ 8% of the host GMC is converted to 
stars in half (or less) of the free-fall time of the GMC. 

4. GMC LIFETIMES 

The result that ~ 30% of the star formation in the Milky 
Way occurs in 32 GMCs is truly remarkable. This becomes 
apparent when we compare the total molecular gas mass in the 
Milky Way, M tot f=a 10 9 M Q dDamel 1993t h to the mass in the 32 
star forming GMCs, with total gas mass M m 5.9 x 10 7 M Q ; 
30% of the star formation takes place in clouds that contain 
only 6% of the molecular gas mass. 

All the star forming complexes we examine contain expand- 
ing bubbles, with typical expansion velocitie s of ~ 10 km s~ 
and r adii Rt, ranging from 3pc to lOOpc ( Rahma n & Murray! 
120101) . In the more vigorously star forming GMCs, the out- 
ward force exerted by radiation from the stars exceeds the in- 
ward force of gravity acting on the GMC; we use 



F nd = L/c = £Q/c, 



(13) 



for the force due to radiation, where £ = 8x10 "erg s • S, 
appropriate for our choice of IMF. The outward force due to 
the pressure of the ionized gas is estimated as f gas = 4nRlP, 
where P is the gas pressure. We use the expression P = nkT, 
where k is Boltzmann's constant, the temperature of the ion- 
ized gas is T = 7000 K, and 
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where a rec is the recombination coefficient. 
For the force of gravity we estimate 
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FIG. 3. — The ratio of outward (radiation and gas pressure) forces to the 
self-gravity force of the GMCs, (F r ad + -Fgas)/^grav, as a function of the host 
GMC mass. Twelve of the eighteen unconfused clusters (shown as filled poly- 
gons) have ratios larger than unity, indicating that the star clusters should be 
blowing expanding bubbles, consistent with the 8 micron bubble morphology 
seen in Spitzer or MSX images of the star forming complexes. In almost all 
cases the radiation pressure is larger than the gas pressure, with the average 
ratio F ra d/fgas ~ 2. 

The ratio F m d/F gmv is given in column 9 of table 2, and the ra- 
tio (Fjad+FgasJ/Fgrav is plotted in Figure [3] More than half of 
the unconfused sources have a total outward force larger than 
the force of self-gravity. This is consistent with our interpre- 
tation of the radial velocity spreads as being due to expansion 
of the bubble walls, and strongly suggests that the star clus- 
ters are disrupting their host GMCs. We note that in almost all 
our source s, Fpd > F VIK , as expected for such massive clusters 
(iMurrayetaljIJOlOh . 

The largest bubbles appear likely to disrupt the host GMC; 
the bubble walls have enough momentum to sweep up the rest 
of the gas in the host cloud, driving it to r ~ 200 pc, at which 
point tidal shear will complete the disruption. We see these 
clouds in their death throes. 

We can estimate the lifetimes of massive (Mgmc ^ 1O 6 M ) 
Milky Way GMCs against disruption by the effects of the star 
clusters that form in them. To do so we assume that the mas- 
sive GMCs harboring the massive clusters we examine here 
are drawn from the massive GMC population as a whole. 
This assumption implies that all massive GMCs will eventu- 
ally form massive star clusters, but leaves open the possibility 
that less massive GMCs (say with masses below ~ 10 5 Mq) 
do not necessarily form many stars. For example, cloud frag- 
ments from the objects we have found, which may well have 
masses as large as 10 5 Mq, may not be self-gravitating. If they 
are not, they may avoid any substantial star formation until the 
next time they find themselves inside a (larger) gravitationally 
bound object. 

To proceed with our estimate of massive GMC lifetimes, we 
need to estimate the number of GMCs in the parent population 
of our star forming objects. We do so in two different ways. 
First, we estimate the number of GMCs in the Milky Way that 
are required to produce a fraction /* w 0.31 of the observed 
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FIG. 4. — The cumulative fraction /*(> M) of the Galactic star formation 
rate produced in GMCs with Mqmc > M, The fraction /, = 0.31 is produced 



by GMCs with masses larger than Mq 



1.6 X 10 6 M, 



0- 



total star formation rate, dM^/dt = 1.3Mgyr . Second, we 
estimate the number of clouds with masses above some char- 
acteristic mass, either the average or Q-weighted mean GMC 
mass. 

To estimate the star formation rate in clouds with masses 
greater than some mass Mgmc, we use the Galaxy-wide aver- 
age star formation rate per free-fall time, and integrate from 
the most massive clouds (mass Mgmc) down towards the least 
massive clouds, with mass Mi. The number of clouds fol- 

j ii i 

lows a power law with index qw 1 .5 - 1 .6 ( Casoli et al. 1984; 
lDameetal.|[l986t iDigel et all Il99l Hithborne et al. 2009). 
Let /* be the fraction of the Galactic star formation rate that 
occurs in clouds with mass M/* or larger. We show in the 
appendix that 



Mf,= 




1/5 



M, 



(16) 



where 8 = (7/4) - a. The upper and lower limits on the GMC 
masses are denoted by M v = 6 x 10 6 M Q and M L = 10 3 M Q , 
respectively; varying Ml has little effect on the result. Fig- 
ure |4] shows the cumulative fraction of the star formation rate 
produced in GMCs with masses greater then M. 

Figure [5] shows the cumulative number N(> M) of GMCs 
with masses M G mc > M. The number of Milky Way GMCs 
with masses larger than M(/* = 0.31) = 1.6 x 10 6 M Q is 158, 
so for every star forming GMC in our sample, there are an 
average of 4.9 GMCs in the parent population. We use the 
relation 

N C Mc(>M f J 



TCMC '■ 



NcmcqH*) 



"(Tms), 



where we assume that the average lifetime of the star clusters 
in our sample is (r ms ) = 3.9 Myr. We find that the lifetime 
of the parent GMCs is ~ 19 Myr. The Q weighted average 
free-fall time of these GMCs is w 9 Myr, and 10 Myr for un- 
confused GMCs, so our first estimate is that massive GMCs 
live 1.7-2.1 free-fall times before they are disrupted by ex- 
panding bubbles produced by the star clusters they contain. 
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FIG. 5. — The cumulative number of GMCs in the Milky Way, plotted as a 
function of GMC mass -Mqmc- The total number of clouds is N ss 13,000. 
The vertical dashed line is at Mqmc = 1-6 x 1O 6 M0, corresponding to the 
mass of GMCs that produce 31% of the star formation in the Milky Way; 
there are ~ 160 such clouds. The vertical solid line at A/qmc = 1.5 x 10 6 Mq 
corresponds to the average GMC mass in our sample; there are ~ 170 GMCs 
in the Milky Way having masses this larger or larger. These clouds contain 
~ 50% of the molecular gas in the Galaxy. 

We make a second estimate for the lifetimes of massive 
GMCs by finding a characteristic GMC mass for the par- 
ent GMCs in our ionizing luminosity-selected sample of star 
forming complexes. We then compare the number of GMCs 
in our sample to the total number of GMCs at or above that 
characteristic mass. 

The mean and Q-weighted mean GMC masses of our sam- 
ple are 1.5 x 10 6 M Q and 2.3 x 1O 6 M . The correspond- 
ing N(> 1.5 x 1O 6 M ) = 169 and N(> 2.3 x 1O 6 M ) = 104. 
The estimated GMC lifetimes range between 13-21 Myr, or 
1.4-2.3rff, similar to our first estimate. We take the lifetime 
of massive GMCs in the Milky Way to be 1 .9 ± 0.4r ff . 

The ionizing luminosity of some of our star forming com- 
plexes is rather low, while our original WMAP sample was 
chosen for its high luminosity. The confusion of the WMAP 
sources results in the inclusion of low luminosity SFCs, which 
in turn leads to our over-counting the number of GMCs in a 
true luminosity-selected sample. We can try to correct for this 
by making a cut in Q, at a value we will denote Q cut . When 
we do so, we find that the average GMC mass increases as 
a function of Q cut . So while it is true that increasing Qcut 
decreases the number of star-forming GMCs in our sample, 
which tends to increase the estimated lifetimes of the GMCs, 
at the same time (McMc)(6cut) also increases, which tends 
to decrease the estimated lifetimes of the GMCs. The net 
result is that the ratio NGMc/N cut increases slowly, from 4.6 
to 6.1, and the estimated lifetime increases by 30% by the 
' > time Qcut = 5 x 10 51 s" 1 ; at this value of Q cut , there are only 

7 sources left in the sample, and the mean mass is no longer 
well defined, i.e., the mean GMC mass begins to drop with 
increasing Qcut beyond this value. 

5. DISCUSSION 

Figure [3] shows that the sum of radiation pressure and 
gas pressure forces exceeds the self gravity in 18 of our 31 



GMCs (excluding the probable misidentification), indicating 
that these GMCs should be in the process of being disrupted. 
The presence of expanding bubbles in these syst ems is consis- 
tent w ith this notion, and with the predictions of lMurray et alJ 
(2010). This strongly suggests that these GMCs are at the end 
of their lives, either as converging flows or as gravitationally 
bound objects. 



Both the observations and the theory of iMurrav et al.l 
(2010) suggest that the process of disruption takes about one 
half of a free fall time, since the expansion velocity of the 
bubbles is v ~ 10- 15 km s~ , about a factor of two larger 
than vgmc- The time for turbulence to decay (assuming the 
clouds are initially turbulence supported) is about one free 
fall time, so the time for an unsupported GMC to collapse 
is ~ 1 — 2ts. The total life time of an unsupported GMC, from 
formation through collapse and star formation to disruption, 
would then be 1.5-2.5rff, similar to the value we measure. 
In other words, the fact that massive GMCs in the Milky Way 
appear to live onl y about two free-fall times is consistent with 
the suggestion of iGoldreich & Kwanl (Q974) that all GMCs 
are in the process of collapse; the short lifetimes of massive 
GMCs obviate the need for any means of support, including 
driven turbulence or magnetic support. 

As noted in t he introduction, the argument of 

IZuckerman & Evansl (119741) . that rapid collapse of GMCs 
would lead to a star formation rate in the Milky Way that was 
much higher than the observed rate, does not apply if the 
stars that are formed disrupt the host GMC. We have shown 
when 6gmc ~ 0.08 the GMCs we examine appear to be in the 
process of disruption. This suggests that the star formation 
rate is much less than Mcmc/th because only a small fraction 
of Mgmc is converted into stars before the cloud is disrupted 
by radiation pressure. 

While our results are consistent with free-fall collapse of 
GMCs, they do not require such a collapse. It may be, for 
example, that the bulk of the material in GMCs is held up by 
magnetic fields, but that over one dynamical time (~ lOMyr), 
some 10-15% of the GMC accretes onto one or two mas- 
sive clumps. Roughly half of this material will form stars, 
with the rest dispersed back in to the ISM, resulting in the 
observed (eGMc)e ~ 0.08. It may also be that the GMCs are 
not gravitationally bound to begin with; measurements of the 
virial parameters of massive clouds are near unity. 

The last statement is consistent with the short lifetimes we 
have inferred for massive GMCs — dissipating sufficient en- 
ergy to make a strongly bound GMC would require more than 
a single free-fall time. One could also imagine that some sup- 
ply of energy could maintain a cloud with a virial parameter 
near unity. However, since the clouds only live for one or two 
free-fall times, it is difficult to envision a steady state aris- 
ing, in which decay of turbulent energy is balanced by some 
source of energy. 

Adding up the star formation from all the GMCs, 
X) £ GMC^GMc/(2rff) (the factor two comes from our estimate 
of the GMC lifetime) the star formation rate is only a fac- 
tor of ~ 2 larger than the observed Milky Way star formation 
rate. This implies that the fragments of the disrupted GMCs 
must reassemble in ~ 2ts\ if they did not, the star forma- 
tion rate would be lower than observed. In addition, if the 
fragments of the disrupted 10 6 M Q GMCs do not reassemble 
after a short time, more of the molecular gas would reside in 



smaller clouds, contrary to observations. Both these observa- 
tions strongly suggest that the cloud fragments reassemble in 
less than an orbital period. 

We note that the lifetimes of the majority of massive GMCs 
cannot be much larger than a few Td yn , for two reasons: first, 
we would see massive GMCs between spiral arms, something 
for which there is little observational evidence. Second, the 
star formation rate would be much less than that observed. 
In other words, the majority of the most massive GMCs in 
the Milky Way cannot be supported against collapse by any 
mechanism that suppresses star formation for more than two 
or three GMC free fall times. 



5.1. Dynamical star formation 



Hartmann et al. 



(2C 
(2C 



2001) 



and 
iBallesteros-Paredes & Hartmannl d2007l) argue that GMCs 
and stars form rapidly, in a dynamical time or less, based on 
observations of star forming regions within 1 kpc of the Sun. 
The observational argument is simple: most of the GMCs 
in the solar vicinity have substantial star formation, so that 
the age of the star clusters and that of the GMCs must be 
similar. Since the average age of the star clusters is of order 
1 - 3Myr, they conclude that the typical GMC lifetime is also 
~l-3Myr. 

The different (short) lifetimes for the host GMCs found 
by these authors, compared to the lifetimes found here, arise 
from several causes. First is the observational fact that they 
find a ratio of total to star-containing GMCs of 1 .5, compared 
to our ratio of free-free dim to free-free luminous objects of 
~ 4, for a total to luminous ratio of ~ 5. By itself, this differ- 
ence accounts for a ratio of more than three in the estimated 
GMC lifetime. 

It may well be the case that most of the Milky Way 
clouds with Mqmc > 1.5 x 10 6 M© (the parent popula- 
tion of our sample) host stars, even ionizing stars, that 
have Q below our selection criteria. If we counted such 
clouds then we might find a rat i o sim ilar to that found by 
IBallesteros-Paredes & Hartmannl (120071) . However, it would 
not be correct to conclude that the GMC lifetime was then 1 .5 
times (r ms ), unless all the GMCs were in the process of being 
disrupted (by some mechanism not related to radiation pres- 
sure or HII gas pressure, since either would not be adequate 
in such dim sources). 

A second source for the difference in estimated GMC life- 
time arises because Ballesteros-Parede s & Hartmannl ( 12007b 
employ an average age for their stars of ~ 2Myr, with an up- 
per limit of 5Myr, while we use a total lifetime of (r ms ) = 
3.9Myr. We believe that the correct procedure is to use the 
total (embedded) lifetime of the stellar tracers, rather than the 
average age. We add the qualifier embedded since the host 
GMC may be disrupted before the life of the stellar tracers 
employed is reached. The total embedded lifetime is in gen- 
eral longer than the average embedded lifetime, so using the 
latter will underestimate the GMC lifetime. Using their upper 
limit of 5 Myr (given in their section 3) as the total embedded 
lifetime would result in an increase in their estimated GMC 
lifetime by a factor of 2.5, to about 5 Myr. If we then multiply 
by the ratio of total to star-containing GMCs (1 .5), the GMC 
lifetime in their sample is ~ 7.5 Myr, somewhat larger than a 
third of the ~ 19 Myr lifetime found in our sample. 
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There is also a physical effect that may contribute 
to the difference in estimated GMC lifetimes found by 
Ballesteros-Paredes & Hartmann (2007) and those found 
here. Table 1 of Ballesteros-Paredes & Hartmann (2007) lists 
21 small GMCs within lkpc of the Sun, containing a total of 
4.2 x 10 6 M Q of gas, of which 14 show some signs of star for- 
mation. The average GMC mass in their sample is 2 x 10 5 M Q . 

The GMCs considered here are much more massive (av- 
erage Mgmc = 15 x 10 5 versus 2 x 10 5 M©) in our sam- 
ple, much larger, and more diffuse, so the GMCs in 
our sample have longer free-fall times than the GMCs in 
Ballesteros-Paredes & Hartmann (2007). The more massive 
clouds will naturally take longer to form and collapse than 
less massive clouds. If the less massive clouds are destroyed 
by the same mechanism (a combination of radiation and gas 
pressure), then the larger clouds will live a factor M I//4 ~ 1 .6 
longer, or ~ 12Myr, (although they may survive for the same 
number of free-fall times). 

We conclude that the GMC lifetimes, measured in terms 
of free-fall times, found by Ballesteros-Paredes & Hartmann 
(2007) are consistent with those we find, given the different 
GMC masses considered and the uncertainties involved. 

5.2. Turbulence and star formation 

The high fraction of gas turned into stars in a free fall 
time in star forming Milky Way GMCs (~ 16-25%) is 
surprising in light of recent theories invo king turbulenc e 
to regulate the rate of star formation, e.g., iPadoanl (119951) : 
Krumholz & M cKed (120051) . In these theories, the rate of star 
formation is related to the amount of gas above a critical den- 
sity, set by the requirement that the local Jeans length be less 
than the sonic length (the length at which the velocity of tur- 
bulent motions equals the sound speed of the gas). The critical 
density depends on the Mach number M = a/c s and the virial 
parameter 

_ 5a 2 R G MC ns , 

a ™=Giw' (18) 

where a is the 1-D line of sight velocity dispersion. 

We have calculated both A4 and a w \ r for the host GMCs in 
our sample, and in the parent GMC population, finding val- 
ues clustering about A4 s» 10- 15 and a vu - w 0.3-2, with 
the lower values for a wu seen in the more massive GMCs, 
those with Mgmc > 10 6 M Q Q The average virial parameter 
for the Heyer et al. sample objects with Mgmc > 10 6 M Q is 
a = 0.6 ±0.3; the subsample with high free-free luminosities 
has an average a = 0.9. While not highly significant, this is 
consistent with the notion that the host GMCs in the latter 
objects are being disrupted by their daughter star clusters. 

In calculating M we adopted T = 15 K, and a mean molec- 
ular weight of 3.9 x 10~ 24 g. We then used these values in 
eqn. (30) of iKrumholz & McKed d2005) to find the predicted 
value of eff « 0.02. This is roughly a factor ten lower than the 
average eg in our luminosity selected sample. 

IKrum holz & Tan (2007) have estimated eg in different en- 
vironments in the Milky Way, finding values ranging from 

3 We note that the sample in Bronfman et al. ( 1989) has anomalously high 
values of a v j,, apparently driven by the high linewidths reported there. De- 
spite this, the values of egmc ar, d e ff are similar to those found for the other 
populations we consider. 



0.013 for GMCs and other diffuse objects, to 0.2 (their CS(5- 
4) point). As noted above, we find a lower value for the Milky 
Way average GMC (due to our lower estimated star forma- 
tion rate) but a much higher value for actively star forming 
GMCs, which we infer to be at the end of their lives. One 
natural interpretation is that the star formation rate per free 
fall time varies with time in a given GMC, increasing rapidly 
just before the cloud is disrupted. Since there is no indica- 
tion that the Mach number or virial parameters of our rapidly 
star forming GMCs differ dramatically from the sample mean 
values (and the Mach number dependence of eg in the turbu- 
lence picture depends only weakly on M. in any case), this 
suggests that turbulence is not, by itself, controlling the rate 
of star formation in Milky Way GMCs. 

This point is worth stressing. Krumholz & McKee (2005) 
estimate the upper and lower limits to the turbulence limited 
star formation rate, finding values a factor 10 below their best 
estimate to 6 times above. They state that a more realistic es- 
timate is a factor of three. We have measured eff to be a factor 
of 8 - 12 larger than their best estimate in more than a dozen 
GMCs in the Milky Way. Furthermore, these same GMCs 
seen to be in the process of disruption, so that they are at the 
end of their lifetimes, suggesting that every massive GMC will 
experience a similar burst of rapid star formation. Since none 
of the massive GMCs in the catalogs we have considered have 
very low virial parameters (or very high Mach numbers), there 
is no indication that these objects have extreme values of ei- 
ther a v ; r or A4 ; we conclude that supersonic turbulence is not 
the dominant determinant of the star formation rate in Milky 
Way GMCs. 

Rapid star formation rates (per free-fall time ) have impli- 
cations for star formation in external galaxies. iMurrav et al.l 
(2010) modeled star formation in clump galaxies, which con- 
tain star forming complexes with R ~ 0.2- lkpc and M ~ 
10 8 - 1O 9 M ('clumps'). IMurrav et al] (12010b found that 
the clumps should be disrupted by radiation pressure, with 
£gmc ~ 0.3. Since the free fall time of the clump is several 
times longer than (r ms ), the implication was that eff s=s 0.3 or 
larger. Krumholz & Dekel (2010) state that this is "an ex- 
traordinarily high value of eff". We have seen that rate of star 
formation is achieved by a number of GMCs in the Milky 
Way, which also have free-fall times several times longer than 
(r ms ). Since both the Milky Way and the clump forming 
galaxies appear to have marginally stable disks, and to have 
star formation rates consistent with the Kennicutt value (al- 
though in the latter case the evidence is rather slim), high val- 
ues of eff might be expected in external galaxies. A concomi- 
tant result is that the star formation efficiency of clump galax- 
ies may well saturate at cg mc ~ 0-3, rather than procee ding to 
cgmc ~ 1, as envisioned by Krumh olz & Dekell l 

6. CONCLUSIONS 



i proceed: 

l ooioh . 



We have presented four major observational results in this 
paper. First, we have estimated a lower limit to the fraction 
of gas in a massive Milky Way GMC that will be converted 
into stars over the lifetime of that GMC, finding 6gmc ~ 0.08. 
Second, we have measured the star formation rate per free-fall 
time, eff w 0.16, for our ionizing luminosity-selected sample 
of GMCs. Third, we have estimated the lifetime of massive 
(Mgmc ~ 10 6 M Q Milky Way GMCs, finding that they live 
15 — 20Myr, or one to two free-fall times. Finally, we have 
shown that many if not most of these clouds are in the process 



of being disrupted by the radiation pressure of the star clusters 
they have given birth to. 

The strong implication of these results is that the rate of 
star formation in Milky Way GMCs, and by extension, in the 
Galaxy as a whole, is not set by the properties of supersonic 
turbulence. 
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APPENDIX 
DISTRIBUTION FUNCTIONS 



The GMC mass distribution function is generally fit by a simple power law 

r-~> 111 

III , 

dm 



(Al) 



with a w 1.5 (ICasoli et alJll984tlDame et alJll986tlDigel et alfl996tlRathborne et al.ll2009l) . These papers show that Milky Way 
GMCs have masses M L <m< M v with M L « 10 3 M© and Mu w 6 x 10 6 M Q . The total mass in molecular gas is M g = 10 9 M© 
dDamdll993l) : we assume that it is all in GMCs. 

It is useful to employ the natural logarithm of the mass as the independent variable 



— =Nu[ — 
a In m \ m 



(A2) 



where = a— 1 . The quantity Ny is approximately the number of clouds in the mass range from Mu /2 to M\j . Using this notation, 
the total mass in GMCs is related to the upper and lower mass cutoff, and the power law index, by 



f Mu dN 
Mtoi= I m— dlrun 



A/l 



dlnm 



' 1-/3 



Ml 



1-/3' 



(A3) 
(A4) 



The observed quantities are Mr t, Afu, Ml, and the power law slope a, so we solve for Nu in terms of these three: 



(2-a 



N„ 
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1 



\Mm ) 



M- 



Tin 



M u 



where 7 = (2-a). Using the numerical values given above, we find 

N v ra 100. 



(A5) 



(A6) 



The number of GMCs with mass larger than m is 



Performing the integral we find 



From equation ( |A5t , 
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(A7) 



(A8) 



(A9) 



The total number of clouds is Ntoi ~ 13 , 000. 

Next we calculate the star formation rate of the Galaxy under the assumption that 

Mcmc 



m* = eff- 



Tff 



(A10) 
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with a fixed eg, i.e., the same value of eff is used for all GMCs. The total star formation rate is 



A/,. 



dN 
M* = / m*- — — aflnra 

Ml In am 



(All) 



To evaluate Ts we will use the fact that the surface density Eo = MgmcA^gmc) °f GMCs is constant, independent of Mgmcn 
e.g.. lSolomonetal.l(ll987l ). Then T ff (M GM c) = tyKMuXMcmc/Mu) 1 / 4 and 



M» 



1 EftNuMy 

(7/4- a) r ff (Mu) 



M, 



CffM; 



na 



Tff(Mu) 
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Letting S = (7/4)- a, the fraction of star formation that takes place in GMCs with masses greater than m is 



/*(>m) = 



1 - (m/Mu) 
1-(M L /Mu)' 



(A13) 



It follows that the GMC mass Mj_ t at which the cumulative star formation rate reaches a fraction /» of the total star formation 
rate is 

M f ,= l-fJl-(-±j ) A/ L ,. (A14) 



TABLE 1 
STARFORMING COMPLEXES AND GIANT MOLECULAR CLOUD IDENTIFICATIONS 
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20 


35.038 


-0.490 


51 


3.0 


3.0 


130 


1 


200 


34.70 


-0.70 


46 


35.0 


1.6e+06 


21 


35.289 


-0.073 


48 


11.0 


62.0 


25 
















22 


37.481 


-0.384 


50 


10.5 


74.0 


130 


2 


211 


37.76 


-0.21 


63 


20.8 


7.7e+04 


23 


38.292 


-0.021 


57 


3.5 


10.0 


114 
















24 


49.083 


-0.306 


68 


5.6 


11.0 


229 


1 


233 


49.50 


-0.40 


57 


52.1 


3.3e+06 


25 


49.483 


-0.343 


60 


5.7 


18.0 


229 


2 


234 


49.75 


-0.55 


68 


13.0 


9.0e+04 


26 


283.883 


-0.609 





4.0 


63.0 


848 


3 


7 


283.80 


0.00 


-5 


65.0 


1.3e+06 


27 


290.873 


-0.742 


-22 


3.0 


27.0 


456 
















28 


291.563 


-0.569 


16 


7.4 


67.0 


232 


3 


17 


291.60 


-0.40 


15 


73.0 


1.4e+06 


29 


298.505 


-0.522 


24 


9.7 


69.0 


313 


3 


26 


298.80 


-0.20 


25 


157.0 


8.4e+06 


30 


310.985 


0.409 


-51 


3.5 


3.0 


56 
















31 


311.513 


-0.027 


-55 


7.4 


56.0 


590 


4 


7 


311.70 


0.00 


-50 


118.0 


1.2e+06 


32 


311.650 


-0.528 


34 


13.6 


29.0 


114 


3 


35 


311.30 


-0.30 


27 


210.0 


1.3e+07 


33 


327.436 


-0.058 


-60 


3.7 


36.0 


977 


4 


25 


327.00 


-0.40 


-60 


60.0 


3.4e+05 


34 


332.809 


-0.132 


-52 


3.4 


39.0 


1192 


4 


33 


332.60 


0.20 


-47 


56.0 


6.6e+05 


35 


333.158 


-0.076 


-91 


5.5 


4.0 


596 


4 


35 


333.90 


-0.10 


-89 


111.0 


1.2e+06 


36 


336.484 


-0.219 


-88 


5.4 


6.0 


356 
















37 


336.971 


-0.019 


-74 


10.9 


49.0 


365 


4 


38 


337.10 


-0.10 


-74 


162.0 


4.4e+06 


38 


337.848 


-0.205 


-48 


3.5 


18.0 


750 


4 


39 


337.80 


0.00 


-56 


141.0 


4.0e+06 


39 


338.412 


0.120 


-33 


2.5 


4.0 


640 
















40 


338.888 


0.618 


-63 


4.4 


11.0 


128 


4 


41 


339.00 


0.70 


-60 


38.0 


2.4e+05 



NOTE. — Properties of Milky Way star forming complexes and their host GMCs. Column one gives the Rahman & Murray (2010) 
catalog number of the star forming complex. The next six columns give star formation complex properties: the Galactic longitude 
/ (col. 2), latitude b (col. 3), heliocentric radial velocity v r (col. 4), heliocentric kinematic distance D (col. 5), the radius of the 
complex (col. 6) and free-free flux (col. 7). The eighth column gives the reference to the relevant GMC catalog. Column nine gives 
the catalog number of the GMC, followed by the GMC properties in the next five columns: I (col. 10) b (col. 11 ), radial velocity 
(col. 12), GMC radius (col. 13) and mass (col. 14). References: (1) Sol omoneraT] fl987l) (2) IHever et"aTH2TjfJ9l) (3)lGrabelskv et al. 
1 1987) (4) Bronfman et al. ( 1989). The masses and radii listed are those in the original publications; in the calculations described in 
this paper, and in table 2, the GMC radii have been adjusted to Rq = 8.5 kpc and the mass have been adjusted as described in the text. 
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TABLE 2 
STARFORMING COMPLEX EFFICIENCIES 



catalog 


L v 


e 


M, 


Mqmc 


TiT 


^GMC 


eff 


frad / **Grav 


number 


erg s _1 Hz -1 


s (dust adjusted) 


Mq 


M 


Myr 








1 


7.27e+24 


1.32e+51 


2.10e+04 


4.77e+05 


24.71 


0.042 


0.267 


5.79 


2 


4.13e+25 


7.53e+51 


1.19e+05 


2.09e+06 


5.00 


0.054 


0.069 


0.55 


4 


9.64e+24 


1.76e+51 


2.79e+04 


8.56e+05 


38.14 


0.032 


0.308 


6.28 


5 


1.72e+25 


3.14e+51 


4.99e+04 


4.12e+06 


6.11 


0.012 


0.019 


0.12 


6 


4.86e+25 


8.86e+51 


1.41e+05 


8.11e+05 


2.03 


0.148 


0.077 


0.68 


7 


5.53e+24 


1.01e+51 


1.60e+04 


4.87e+04 


2.19 


0.247 


0.139 


3.66 


8 


6.96e+24 


1.27e+51 


2.01e+04 


1.67e+05 


4.50 


0.107 


0.124 


2.32 


9 


4.60e+24 


8.38e+50 


1.33e+04 


1.30e+05 


5.49 


0.093 


0.131 


2.79 


10 


7.94e+24 


1.45e+51 


2.30e+04 


1.61e+04 


8.15 


0.587 


1.228 


131.91 


11 


4.97e+24 


9.06e+50 


1.44e+04 


4.35e+05 


2.08 


0.032 


0.017 


0.17 


12 


1.02e+25 


1.85e+51 


2.94e+04 


3.11e+05 


8.70 


0.086 


0.193 


3.57 


13 


3.98e+24 


7.26e+50 


1.15e+04 


6.30e+04 


4.33 


0.155 


0.172 


4.62 


14 


5.36e+25 


9.77e+51 


1.55e+05 


1.69e+06 


2.71 


0.084 


0.058 


0.41 


15 


5.56e+23 


1.01e+50 


1.61e+03 


4.29e+03 


4.10 


0.273 


0.287 


21.61 


16 


1.10e+25 


2.00e+51 


3.17e+04 


5.38e+05 


6.72 


0.056 


0.096 


1.31 


17 


3.56e+25 


6.49e+51 


1.03e+05 


2.43e+06 


3.32 


0.041 


0.035 


0.22 


18 


2.32e+24 


4.24e+50 


6.72e+03 


3.22e+05 


6.99 


0.020 


0.037 


0.58 


20 


1.39e+24 


2.54e+50 


4.03e+03 


1.73e+06 


1.76 


0.002 


0.001 


0.01 


22 


1.71e+25 


3.11e+51 


4.94e+04 


1.65e+05 


4.27 


0.230 


0.252 


5.39 


24 


8.56e+24 


1.56e+51 


2.48e+04 


3.33e+06 


2.08 


0.007 


0.004 


0.02 


25 


8.87e+24 


1.62e+51 


2.57e+04 


1.55e+05 


1.57 


0.142 


0.057 


0.80 


26 


1.62e+25 


2.95e+51 


4.68e+04 


1.12e+06 


6.41 


0.040 


0.066 


0.68 


28 


1.51e+25 


2.76e+51 


4.38e+04 


1.20e+06 


7.35 


0.035 


0.066 


0.70 


29 


3.51e+25 


6.40e+51 


1.02e+05 


7.22e+06 


9.47 


0.014 


0.034 


0.21 


31 


3.85e+25 


7.02e+51 


l.lle+05 


1.71e+06 


37.80 


0.061 


0.592 


9.84 


32 


2.51e+25 


4.58e+51 


7.27e+04 


1.12e+07 


11.77 


0.006 


0.019 


0.11 


33 


1.59e+25 


2.91e+51 


4.61e+04 


2.61e+05 


13.87 


0.150 


0.533 


13.12 


34 


1.64e+25 


2.99e+51 


4.75e+04 


5.51e+05 


9.74 


0.079 


0.198 


3.12 


35 


2.15e+25 


3.92e+51 


6.22e+04 


1.03e+06 


20.70 


0.057 


0.303 


4.86 


37 


5.17e+25 


9.42e+51 


1.50e+05 


3.53e+06 


17.86 


0.041 


0.186 


1.85 


38 


1.10e+25 


2.00e+51 


3.17e+04 


9.61e+05 


4.55 


0.032 


0.037 


0.36 


40 


2.95e+24 


5.38e+50 


8.54e+03 


2.04e+05 


9.18 


0.040 


0.095 


1.96 



NOTE. — Efficiencies of Milky Way star forming complexes and their host GMCs. Column one gives the 
Rahman & Murray (2010) catalog number of the star forming complex. The rest of the columns give star formation 
complex properties; free-free luminosity L„ (col. 2), ionizing photons emitted per second Q (col. 3), stellar mass 
(col. 4), GMC mass adjusted from the original as described in the text (col. 5), Tft (col. 6), GMC efficiency (col. 
7), eff (col. 8), and radiation force divided by the force of gravity (col. 9). 
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